Abstract. Lupus nephritis (LN) occurs in ~50% of patients with systemic lupus erythematosus and is a major cause of morbidity and mortality of the affected individuals. Therefore, identification of novel and predictive biomarkers for the early diagnosis and progression of LN is required. The present study included 10 patients with LN whose diagnoses were confirmed by renal biopsy and 5 healthy participants as control subjects. Sera were collected both from patients with LN and healthy controls. Subsequently, mesangial cells were treated with these sera for 24 h. Differential proteins between groups were detected by two-dimensional difference gel electrophoresis (2D-DIGE) and matrix-assisted laser desorption/ionization time of flight mass spectrometry analysis. 2D-DIGE maps of cellar proteins were obtained for LN and normal control groups. A total of 45 proteins were characterized, and 2 low-abundance proteins were identified. Compared with the normal human sera group, expression level of Annexin A2 was elevated in patients with LN, while the expression of the ferritin heavy chain (FTH1) decreased in the LN group; the analysis was carried out by DeCyder version 7.0 automatically. The results of the present study suggest that Annexin A2 and FTH1 contributed to the progression of LN and could serve as potential biomarkers for this disease.
Introduction
Systemic lupus erythematosus (SLE) is asystemic autoimmune disease characterized by abnormal immune response leading to malfunction in several organs (1) (2) (3) . Lupus nephritis (LN) occurs in ~50% of patients with SLE and is a major cause of morbidity and mortality among the affected individuals. Immunosuppressants are used for the treatment of LN; however, these are effective in only 50% of the affected patients (4, 5) . The therapy is usually associated with severe adverse effects, including increased risk of infertility and sepsis (6) . Despite the overall improvement in the care of patients with LN during the past two decades, almost 20% of patients progress to end-stage renal disease within 10 years after the onset (7) . Therefore, in addition to exploring more effective, less toxic drugs, it is essential to elucidate the molecular mechanisms underlying the pathogenesis of LN.
Preliminary studies have demonstrated the important role of autoantibodies, proinflammatory cytokines and toll-like receptors in the pathogenesis of LN (8) (9) (10) (11) . Previous studies also indicated that immune and inflammatory reactions in the glomerular mesangial cells (MCs) primarily lead to LN progression (12, 13) . However, the contributing mechanisms remain unclear. An in vitro model of LN was developed in the present study. MCs were treated with sera from patients with LN confirmed by renal biopsy. This model (derived from LN patient sera samples) mimics autoantibodies and other biological mediators, including anti-double stranded DNA antibodies, interleukin (IL)-12 and IL-18 cytokines that stimulate MCs leading to an immune response and inflammatory reactions. Previous studies focused on specific pathogenic factors in LN progression (14) (15) (16) . The present study used a quantitative proteomic approach to elucidate the global alterations in protein abundance in MCs simulated by sera from patients with LN. (17, 18) . Among these, two-dimensional gel electrophoresis, followed by mass spectrometry (MS) analysis is the most widely used method to analyze the expressions of different proteins; however, it exhibits low reproducibility and is time-consuming (19) . Furthermore, this assay has low sensitivity for the detection of low abundance proteins with low molecular weight (LMW) <20 kDa. These LMW proteins may include important mediators which are expected to be involved in the progression of renal disease, including chemokines, cytokines and growth factors. By contrast, two-dimensional difference gel electrophoresis (2D-DIGE) is an assay that separates proteins according to their isoelectric point and molecular weight. With an internal standard, the 2D-DIGE technologies can be used to determine and quantify the proteins accurately, and the reproducibility of this method reduces the required number of biological replicates (20) .
In the cur rent study, 2D-DIGE combined with matrix-assisted laser desorption/ionization time of flight tandem (MALDI-TOF/TOF) MS was used to detect the differentially expressed proteins in MCs stimulated by sera of patients with LN. These proteins are candidate biomarkers of LN. (22) . In addition, 5 healthy age-and sex-matched volunteer participants were included as normal controls. Based on the SLE disease activity index (SLEDAI) score, 5 class I LN (LN-I) patients with an SLEDAI score of 10-14 were collected, which indicated intermediate activity. Furthermore, 5 class IV LN (LN-IV) patients with an SLEDAI score of >15 indicated high activity. Written informed consent was obtained from each donor prior to enrollment in the study. The protocol was approved by the Ethics Committee of The First Affiliated Hospital of Guangzhou University of Traditional Chinese Medicine.
Patients and methods

Patients
Serum sample collection. A total of 5 ml whole blood was collected from each subject and centrifuged at 2,200 x g for 10 min at 4˚C (Heraeus™ Fresco™ 21 Microcentrifuge; Thermo Fisher Scientific, Inc., Waltham, MA, USA) (23) . Sera were collected, filtered with serum filters (EMD Millipore, Billerica, MA, USA) and preserved at -80˚C.
Cell culture and treatment. Human glomerular MCs were purchased from Shanghai Enzyme Research Biotechnology Co., Ltd. (Shanghai, China; cat. no. CC-Y1261; www. elisakits.cn/Index/productInfo/cid/153/id/1311.html). The cell culture was maintained according to the procedures described previously (24) . Briefly, MCs were cultured in Dulbecco's modified Eagle's medium/nutrient mixture F12 containing 5% fetal bovine serum (both Gibco; Thermo Fisher Scientific, Inc.). After serum starvation for 24 h, MCs were treated with 7 ml DMEM/f12 and 3 ml sera from different individuals, which comprised the 30% sera. MCs were then cultured at 37˚C for 24 h. Normal control MCs were treated with 7 ml DMEM/f12 and 3 ml calf serum (Gibco; Thermo Fisher Scientific, Inc.), which also comprised 30% serum. The subsequent experimental design is illustrated in Fig. 1 .
Protein purification and determination. Whole-cell lysates were prepared using 2-D Clean-up kit (GE Healthcare Life Sciences, Uppsala, Sweden) to deplete salt, lipid and polysaccharides from the samples. The concentrations of protein samples were determined using Ettan™ 2-D Quant kit (GE Healthcare Life Sciences), according to the manufacturer's protocol.
Protein labeling. Sample labeling was performed using CyDye DIGE Fluor minimal dyes (GE Healthcare Life Sciences), according to the manufacturer's protocol. Briefly, 50 µg protein from each sample was mixed with 400 pmol of either CyDye DIGE Fluor Cy3 or Cy5. The internal standard was prepared by mixing equal volumes of different protein samples and labeling with CyDye DIGE Fluor Cy2. The labeling reactions were carried out on ice in the dark for 30 min and stopped by adding 1 µl of 10 mM lysine.
Protein separation by 2D-DIGE. Two DIGE gels were prepared including gel A and gel B. In gel A, the samples of normal calf serum (NC) group were labeled with Cy3 and samples of the normal human (NH) group with Cy5. In gel B, the lupus nephritis class I (LN-I) group samples were labeled with Cy3 and those of the lupus nephritis class IV (LN-IV) group with Cy5. The labeled protein samples were placed in 24-cm immobilized pH gradient (IPG) gel strips with pH 3-10. Each sample contained 50 µg Cy2-, Cy3-or Cy5-labeled proteins. The IPG strip was hydrated at 30 V for 12 h and the subsequent program was performed as follows: 100 V for 0.5 h, 500 V for 0.5 h, 1,000 V for 1 h and 5,000 V for 1 h, and then stabilized at 8,000 V under isoelectric focusing for 8.5 h. Following one-dimension electrophoresis, the IPG was stabilized in solution A (6 mmol/l Urea, 2% SDS, 75 mmol/l Tris-HCl pH8.8, 29.3% glycerol, 1% DTT, Bromophenol blue) for 15 min and then treated with solution B (6 mmol/l Urea, 2% SDS, 75 mmol/l Tris-HCl pH 8.8, 29.3% glycerol, 2.5% iodoacetamide) for 15 min. Following this, two-dimension electrophoresis was performed with 12.5% SDS-PAGE.
Gel scanning and image analysis. Typhoon 9400 scanner (GE Healthcare Life Sciences) was used to scan the gels following 2D-DIGE. The Cy2-, Cy3-and Cy5-labelled samples were scanned at wavelengths of 488/520, 532/580 and 633/670 nm, respectively. Samples were stained 0.25% Coomassie Brilliant Blue R-250 staining at room temperature for 2-4 h. Gels were then prefixed in 50% MeOH, 10% HoAC and 40% H 2 O for 30 min to overnight. Staining was considered complete when the gel was no longer visible in the dye solution. Prior to complete staining, the gels appeared lighter against the dark staining solution. Samples were de-stained at room temperature using 5% MeOH, 7.5% HOAC, 87.5% H 2 O until the backgrounds were clear for 4-24 h. Bands began to appear in 1-2 h. This method detects as little as 0.1 µg/band. Gels were then stored in 7% HOAC. The Photomultiplier Tube (PMT) value with maximum gray level with respect to the whole gel or within the region of interest was in the range of 60,000-90,000 standards. (20) DeCyder 2D software (version 7.0; GE Healthcare Life Sciences) was used to analyze the 2D-DIGE gel images. The differential protein spots were identified based on the >1.5-fold difference in size (>1.5-fold upregulated or downregulated). After 2D-DIGE, proteins were digested with trypsin. The selected gel particles were collected using Ettan™ Spot Picker (GE Healthcare Life Sciences) and cryopreserved in 500 µl Eppendorf Tubes MS analysis. The aforementioned gel particles were subjected to peptide mass fingerprinting (PMF) analysis by MALDI-TOF/TOF (ABI 4800 Proteomic Analyzer; Applied Biosystems; Thermo Fisher Scientific, Inc.). PMF was assimilated when protein content was within a range of 800-4,000 Da. Subsequently, 10 most intense peaks were selected to obtain tandem mass spectrometry (MS/MS) data. Conjunction search was conducted with MS and MS/MS. Results with a total score >64 and a match of >4 peptide fragments (best ion score >30; P<0.05) were accepted. The bioinformatics data of PMF by MS and MS/MS were searched by Mascot engine (Version 2.1, Matrix Science, Ltd., London, UK) in MSDB and Swiss-Prot database (25) .
Properties of proteins.
WoLF PSORT software (version of PSORT II; Piscataway, NJ, USA) was utilized to analyze the molecular function of proteins.
Search Tool for the Retrieval of Interacting Genes (STRING)
protein-protein analysis. The STRING protein interaction database (version-10-5) was used to analyze associations among proteins. STRING is a protein-protein analysis database program that generates a network of interactions from a variety of sources, including different interaction databases, text mining, genetic interactions and shared pathway interactions. We used this search Tool for the Retrieval of Interacting Genes with a confidence cut-off of 0.6.
Western blot analysis. MC Protein expression was analyzed by western blotting as described previously (26) . The following primary antibodies were used: Anti-Annexin A2 (cat. no. ab178677), anti-ferritin heavy chain (FTH1; cat. no. ab75972; both Abcam, Cambridge, MA, USA) and anti-α-tubulin (cat. no. T9026; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany).
Statistical a n alysis. Dat a a re presented as t he mean ± standard deviation. Comparisons between groups were made using one-way analysis of variance followed by Student-Newman-Kuels test. P<0.05 was considered to indicate a statistically significant difference. The statistical analyses were performed using SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA). In-gel difference analysis was performed Figure 1 . Schematic representation of the experimental protocol. MCs were treated with either normal calf, normal human sera or sera from patients with lupus nephritis patients for 24 h. Cells were subsequently harvested and proteins extracted. Proteins were labeled with CyDye DIGE tags following trypsin digestion. Matrix-assisted laser desorption/ionization time of flight tandem was used for peptide mass fingerprinting. LN, lupus nephritis; MC, mesangial cell; 2D-DIGE, two-dimensional difference gel electrophoresis; Cy, cyanine.
using DeCyder 2D software (version 7.0) automatically; results were compared between gels.
Results
Clinical characteristics.
Patients and normal healthy donors were well matched for sex and age (Table I) . Active SLE patients (LN-IV) presented high levels of proteinuria, while inactive SLE patients (LN-I) showed intermediate levels. SLE is more prevalent among females (27) and, therefore, there were more females than males included in the present study.
Proteomics results. The paired analyses of DIGE dye-labeled gels were shown in Figs. 2 and 3 . The proteomic analysis revealed 56 differential protein spots between all groups (Fig. 4) . Compared with the NH group, there were 17 upregulated and 9 downregulated differential protein spots in the LN-I group, and 25 proteins were upregulated and 19 downregulated in the LN-IV group. Furthermore, 14 differential protein spots were detected between the LN-I and IV groups. Therefore, a total of 45 proteins were characterized by mass spectrometry (Table II) .
Properties of proteins.
To elucidate the physiological roles of these proteins in LN, a subcellular localization software WoLF PSORT was used to analyze the molecular functions of these differentially expressed proteins (data not shown). The majority of differential proteins identified in the present study shuttle between the cytoplasm and nucleus, and may serve roles in the regulation of cellular immunity and inflammation during the process of LN.
Search Tool for the Retrieval of Interacting Genes (STRING)
protein-protein analysis. STRING protein interaction database (version 10-5) was used to analyze the associations among proteins. STRING is a protein-protein analysis database program that generates a network of interactions from a variety of sources, including different interaction databases, text mining, genetic interactions, and shared pathway interactions. This analysis aided systematic understanding of cellular events in LN process. The networks formed by interacting proteins provided insights into the potential mechanisms of immunity and inflammation that may affect the etiology of LN. The STRING analysis revealed functional connections among 29 significantly regulated proteins in the HC and LN groups, LN-I and LN-IV groups (Fig. 5) .
Validation of selected proteins. Since the primary aim of the present study was to identify proteins that may contribute to the LN process, protein expression levels of Annexin 2 and FTH1 were determined by western blotting. Western blotting confirmed the results obtained from DIGE. Consistent with the aforementioned proteome analysis, protein expression of Annexin 2 and FTH1 significantly increased and decreased, respectively in MCs treated with sera from patients with LN compared with the NH group (Fig. 6 ).
Discussion
Alterations in the expression of specific proteins in the normal physiological state or during renal disease progression may be used to characterize the pathogenic states occurring during each phase of LN and provide information for diagnostic and prognostic purposes. The present study demonstrated the feasibility of 2D-DIGE combined with MALDI-TOF/TOF-MS to screen serial alterations in the cellular proteome of LN. A total of 56 differential protein spots were detected using 2D-DIGE, of which, 4 proteins could not be recognized in NC, NH LN-I and LN-IV groups, so a total of 51 were identified by MALDI-TOF/TOF-MSand1 was not. Six protein spots were identified to be the same proteins. As a result, 45 differential proteins among normal human and LN groups were characterized. Some of these proteins were highly abundant in plasma and had been previously used in clinical diagnosis (28) . Therefore, the present study focused on examining the proteins with low abundance and LMW in the cellular proteome in LN progression. In addition, the present study indicated that Annexin A2 and FTH1 were differentially expressed during different phases of LN.
Annexin A2 is a 36 kDa protein composed of an N-terminal domain and has a conserved C-terminal domain Average ratio Average ratio Table II . MW, molecular weight; PI, isoelectric point. with Ca 2+ binding sites. Annexin A2 belongs to a family of calcium-dependent phospholipid-binding proteins that serve roles in a variety of membrane-associated events including exocytosis, endocytosis, oxidative stress, apoptosis, cellular growth, cell proliferation and signal transduction (29) (30) (31) (32) . Annexin A2 has been implicated in the pathogenesis of acute kidney injury, including ischemia-reperfusion injury and folic acid-induced acute renal failure (33) . Previous studies have shown that Annexin A2 serves a role in the development of renal inflammation and injury in patients with LN (34, 35) . Furthermore, the cellular proteome analysis of MCs induced with sera from patients with LN also demonstrated that, compared with the NIH group, the expression of Annexin A2 was significantly elevated. Furthermore, the induction of Annexin A2 increased with the progression of LN. Compared with the LN-I group, Annexin A2 exhibited a 1.63-fold increase in the LN-IV group, suggesting that it may participate in the development and severity of LN. The above results were further confirmed by western blotting. Western blot analysis supported the hypothesis that Annexin A2 could serve as a biomarker of LN.
Ferritin is an iron storage protein complex with two distinct types of chains: Light chain (L-ferritin) and heavy chain (H-ferritin). FTH1 is a 21 kDa subunit of the ferritin complex (36) FTH1 exhibits ferroxidase activity, which serves an essential role in catalyzing the conversion of the ferrous ions (Fe 2+ ) to the ferric form (Fe 3+ ) (37) . FTH1 has been shown to protect proximal tube epithelial cells and kidneys against the activity of free iron in reactive oxygen species generation (38) . Furthermore, a previous study also indicated that FTH1 suppressed the immune activity in autoimmune diseases in humans (39) ; the immunosuppressive function was dependent on IL-10 induction. Consistently, in the present study, FTH1 was downregulated in MCs stimulated with sera from patients with LN compared with the NH group. In addition, the expression of FTH1 in the LN-IV group was lower compared with the LN-I group, indicating that FTH1 may be associated with the progression of LN. Contrastingly, another study found that patients with SLE exhibited a high level of serum ferritin (40) , which could be attributed to tissue specificity and immune activity. Therefore, the LMW protein FTH1 may be a suitable biomarker for LN.
In conclusion, the characterization of the dynamic alterations in protein expression at the cellular level provided an in-depth insight into the molecular pathophysiology of LN. The present study identified 45 differential proteins in MCs that were treated with different LN sera. Of these proteins, Annexin A2 and FTH1 may be associated with the progression of LN. However, additional studies on these proteins are essential in order to determine the level of sera or urine in patients with LN at different phases.
